We present quantitative measurements and mathematical analysis of the granular drag reduction by rotation, as motivated by the digging of Erodium and Pelargonium seeds. The seeds create a motion to dig into soil before germination using their moisture-responsive awns, which are originally helical shaped but reversibly deform to a linear configuration in a humid environment. We show that the rotation greatly lowers the resistance of soil against penetration because grain rearrangements near the intruder change the force chain network. We find a general correlation for the drag reduction by relative slip, leading to a mathematical model for the granular drag of a rotating intruder. In addition to shedding light on the mechanics of a rotating body in granular media, this work can guide us to design robots working in granular media with enhanced maneuverability. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979998] Ingenious mobility strategies have been evolved in animals [1] [2] [3] [4] [5] and plant roots 6, 7 in a granular environment such as soil, where mobility is significantly reduced by intergranular resistance. Some Erodium and Pelargonium species, flowering plants belonging to a genus of the family Geraniaceae, produce seeds with an appendage that is used for the seed dispersal and burial. [8] [9] [10] [11] [12] Fig. 1 (Multimedia view) shows the seed awns of three Pelargonium species. Each awn is composed of materials with different hygroscopic expansiveness and thus responds to a change in humidity. 11, 12 In a humid environment at night time or after a rain fall, a helically coiled awn deforms to a linear configuration, and the deformation can create thrust against the soil when one end of the awn is anchored. 8 Owing to the helical shape of the awn, the hygroscopic expansion entails a rotary motion during the extension. This locomotory scheme reminds us of a conventional drilling machine or an auger with a rotational intruder, so it is highly probable that the seeds spin themselves to facilitate the digging into soil.
Granular drag on a body in quasi-static motion is mainly associated with the forces for breaking intergranular contacts in a jammed granular medium. [13] [14] [15] The jamming and relaxation of grains cause stick-slip, 14 pressure-screening, 20 and visco-elastic behaviors. 21 When a rod rotates horizontally, it disturbs the arrangement of the jammed grains, so that the rotational torque dramatically decreases after half a turn at a given depth. 22 Although a few mathematical models for granular drags are available under limited conditions, [22] [23] [24] understanding of the drag force for a vertically penetrating rotary intruder remains incomplete due to complicated intergranular mechanics.
Motivated by the self-burrowing rotary seeds, we here elucidate the reduction of granular drag by rotation for a a) Electronic address: wonjungkim@sogang.ac.kr b) Electronic address: hyk@snu.ac.kr vertically penetrating intruder. We found that the vertical drag against a rotating intruder decreases with its rotational speed. Noting that the relative motions of the grains in contact with the intruder induce the collapse of the force chains in the granular bulk, we developed a model for the drag reduction by rotation in terms of the slip velocity of the grains, which successfully explains the drag reduction of the rotating intruders.
We start with quantifying the drag reduction experienced by the biological examples through their rotation. We measured the granular resistance of seeds of three Pelargonium species during their vertical penetration in a granular medium. Fig. 2(a) illustrates the experimental setup to measure the drag forces. The seeds were forced into soil with a constant speed = 0.2 mm/s in the container, whose diameter is 95 mm and height is 50 mm, filled with glass beads of a diameter ranging from 250 to 500 µm, and the drag forces were measured by a load cell. As shown in Fig. 2(b) , the drag force depends on the shape and size of the seed head but increases with the burial depth for all cases. To test the drag reduction by spinning, we rotated the container of the glass beads around the axis of the seed at a rate of 7 rpm (the maximum rotational speed observed for a wet awn) at a burial depth of 1.5 mm as thrusting the seed at = 0.2 mm/s. The granular resistance significantly decreased for all seeds by up to 75% in Fig. 2(b) , demonstrating that a self-burrowing seed can indeed reduce the granular drag with its rotational motion.
We develop a mathematical model to understand this marked reduction of granular drag. The importance of the dynamic friction relative to static friction depends on the inertial number I =γd/(P/ρ) 1/2 , whereγ is the shear rate, d is the grain diameter, P is the hydrostatic pressure, and ρ is the density of grain. [25] [26] [27] In our experiment, the maximum rotational speed is 10 rpm, indicating the angular velocity ω ∼ 1 rad/s, so that the tangential velocity of the rotating intruder r ∼ ωr ∼ 1 mm/s where the radius of rotation r is on the order the seed thickness (1 mm 
In addition, P = ρgl ∼ 0.25 kPa, where g is the gravitational acceleration, l = 10 mm is the burial depth, and ρ = 2.5 g/cm 3 . Hence, the inertial number I < 3 × 10 −3 , indicating a quasi-static flow regime, [25] [26] [27] in which the granular resistance depends exclusively on the static friction. Therefore, the normal force by static pressure on the intruder surface is mainly responsible for the drag. 28 Consider a conical intruder with an apex at a distance l below the free surface, as shown in Fig. 2(a) . We express the vertical force acting on the differential volume with a thickness of dz at the depth z from the free surface as dF(z) ∼ µPdA s sin θ, where µ is the internal friction coefficient, θ is the apex half angle of the conical intruder, and dA s is the surface area of the intruder element. With dA s = 2π(l − z)(tan θ/ cos θ)dz and P = ρgz, integration of dF(z) with respect to z from 0 to l yields F ∼ (π/3)µρgl 3 tan 2 θ. If we define the effective resisting area A e = (π/3)l 2 tan 2 θ, the drag force can be simply expressed as F ∼ µP t A e , where P t = ρgl is the hydrostatic pressure at the intruder tip. Therefore, the granular drag increases with the apex half angle and burial depth. We experimentally examined the drag on the conical intruders with various apex half angles θ of 20 • , 30 • , and 45 • to the burial depth of about three seed lengths. Fig. 2(c) presents the drag forces on the intruders, and the data points collapse onto a line predicted by the model, F/ tan 2 θ ∼ l 3 (see inset in Fig. 2(c) ).
We briefly discuss the advantage of the conical shapes of Pelargonium seeds for the self-burial behavior. In the quasistatic flow regime, the granular drag is given by F ∼ µρglA e , where lA e corresponds to the effective submerged volume of the intruder in granular media. Therefore, a small effective submerged volume of the intruder is advantageous for reducing the granular drag in self-burrowing. For instance, a seed with a conical shape with an effective submerged volume of (π/3)l 3 tan 2 θ can reduce the drag force by 1/3 compared with a seed with a cylindrical shape with a radius of l tan θ for a given burial depth of l.
We measured the granular drag for the intruder with θ = 45 • in a container rotating with a speed ranging from 0.2 to 10 rpm. The upper limit of the rotational speed was selected so as to remain in the quasi-static flow regime. In Fig. 2(d) , the drag force is compared with that for an intruder without rotation. We see that the drag force decreases with the rotational speed, and the reduction reaches approximately 75% for the highest rotational speed of 10 rpm in our experiments. At this rotational speed, we measured the torque to rotate the intruder τ = 9 × 10 −5 Nm at a burial depth of 10 mm, so that the shear force by the granular medium is scaled as F shear ∼ τ/r eff ∼ 18 × 10 −3 N, where the radius of rotation r eff = 5 mm was taken to be half the base radius of the submerged intruder. We calculate F shear /F ∼ 0.045, where the vertical drag force F is approximately 0.4 N (see Fig. 2(c)) , and thus the shear force is insignificant compared with the vertical force. We also found that the rotation of the intruder reduces only the magnitude of the drag without a change in the cubic dependence on the burial depth l, implying that the normal static force is still responsible for the granular drag for the rotating intruder. This suggests that the intruder rotation reduces the effective resisting area A e on which the granular hydrostatic pressure acts.
To aid the understanding of the drag reduction by rotation, we present the schematic of the grains beneath the bottom of a rotating intruder in Fig. 3 . A penetrating intruder encounters force chains that resist its motion. Force chains are a network of intergranular contacts in the bulk medium, and granular hydrostatic pressure acts on the intruder surface along the force chains. [13] [14] [15] The rotation of intruder yields additional intergranular motions, which facilitate breaking of the force chains, [16] [17] [18] [19] thereby reducing the vertical drag forces. The local surface speed induced by rotation increases with the radial distance from the intruder centerline, so the grains easily slip in the outer region. In contrast, the force chains are robust in the inner region where the surface speed is relatively low.
To quantify the drag reduction by slip motions between the intruder and grains, we experimentally examined the drag reduction ratio with respect to the slip velocity. As shown in Fig. 4(a) , we measured the vertical drag force for the cylindrical intruder with a radius of 10 mm in a container filled with glass beads while the container translates in the direction orthogonal to that of penetration. It is observed that the drag decreases with the slip velocity, s . Furthermore, we see that the drag reduction ratio depends critically on the relative slip velocity u = s / in the quasi-static flow regime (see Fig. 4(a) ). We now seek a correlation for β(u), the relative drag force for the intruder with slip to that without slip (u = 0). We note that granular medium around a moving object exhibits the visco-elastic characteristic, a reminiscent of a Bingham fluid. 21 The velocity profiles of shearing grains in various Couette flow systems have been successfully modeled using exponentially decaying functions. [29] [30] [31] Since the collapse of the force chains is strongly affected by the local slip velocity, we give β(u) in the form of the error function, β(u) = 1 − 0.7erf(u/4.5), which shows good agreement with our measurements (Fig. 4(a) ). This correlation enables us to estimate the local granular drag for a rotating intruder as dF r ∼ 2π ρg(l − z)z tan 2 θ β(u)dz. The relative slip velocity is given by u = rω/ = (l − z) tan θω/ , where r is the radius of the immersed conical intruder at the depth z below the free surface, and ω is the angular velocity. Numerically integrating dF r with respect to z from 0 to l yields granular drag F r for a rotating intruder at a specific angular speed.
We define the rotational drag ratio F r /F as the ratio of the drag for a rotating intruder to that with non-rotating intruder (ω = 0). Fig. 4(b) shows the dependence of the ratio on U = ωl tan θ/ , where ωl tan θ corresponds to the maximum slip velocity on the contact line between the intruder and grains at the free surface. For various intruders, the reduction ratio rapidly decreases for low U but saturates as U increases further, which is in agreement with our model prediction. As the relative slip velocity increases, the measured ratio becomes slightly lower than our model because the flow experiences the transition from the quasi-static to dense flow regime where the granular medium is more easily fluidized.
In summary, we have measured the granular drag against a vertically penetrating intruder with rotation and found that the drag reduction of a rotating intruder is critically determined by the relative slip velocity. We have formulated an empirical correlation for the drag reduction by the slip motion, leading to a novel model for the drag of a rotating intruder. This model successfully describes our experimental measurements. Our work rationalizes the drag reduction of the self-burrowing seeds by rotation, which must be advantageous for the survival of the seeds before and during germination. Our study not only illuminates the functionality and beauty of natural design but also provides new insights into the design of drilling robots for military and environmental applications and underground exploration in space. 32 Visualization of the granular pressure distribution 29, 33 and the granular motion 30, 34 beneath the vertically penetrating rotary intruder would further our understanding of drag reduction from a microscopic point of view. 
